During DNA synthesis, DNA polymerases must select against ribonucleotides, present at much higher levels compared to deoxyribonucleotides. Most DNA polymerases are equipped to exclude ribonucleotides from its active site through a bulky side chain residue that can sterically block the 2'-hydroxyl group of the ribose ring. However, many nuclear replicative and repair DNA polymerases incorporate ribonucleotides into DNA, suggesting that the exclusion mechanism is not perfect. In this study, we show that the human mitochondrial DNA polymerase γ discriminates ribonucleotides efficiently but differentially based on the base identity. While, UTP is discriminated by 77,000-fold compared to dTTP, the discrimination drops to 1,100-fold for GTP versus dGTP.
the ability not only to discriminate between the correct and incorrect nucleotide to be incorporated during DNA synthesis, but also to distinguish between the correct and incorrect sugar moiety to maintain its fidelity. This process is crucial as ribonucleotides are more prone to strand cleavage compared to deoxyribonucleotides due to the presence of a reactive hydroxyl group at the 2'-position of the ribose sugar. The discrimination against ribonucleotide incorporation during various DNA metabolic processes has been studied for many nuclear replicative DNA polymerases including pol α, δ and ε and other polymerases involved in DNA repair like pol β, λ and µ (1-5). Studies on these eukaryotic nuclear replicative and repair enzymes indicate that the levels of ribonucleotide discrimination varies from 2 to 3 orders of magnitude between them suggesting that the mechanism employed by each polymerase in excluding ribonucleotide from their active site may be different during DNA synthesis. Analysis of the human DNA polymerase β revealed that this polymerase discriminates against ribonucleotide incorporation by nearly 4 orders of magnitude (3) .
DNA polymerase γ (pol γ), encoded by the nuclear gene POLG, is the sole DNA polymerase in human mitochondria (mt) and hence bears the burden of replicating and repairing the entire mitochondrial DNA (6, 7) . The holoenzyme of pol γ is a heterotrimer comprised of a catalytic subunit (p140) and a homodimeric accessory subunit (p55) (8) . The catalytic subunit belongs to family A DNA polymerases and consists of an exonuclease domain at its N-terminus and a polymerase domain at its C-terminus with a linker region connecting these domains. The p140 enzyme possesses DNA polymerase, 3' 5' exonuclease, and 5'-dRP lyase activities (for review, see Refs. 6 and 7). The p55 accessory subunit confers processive DNA synthesis and tight DNA binding to the p140 catalytic subunit (9) .
Two mechanisms, the asynchronous strand displacement model and the coupled replication model have been proposed to replicate the 16,569 bp human mitochondrial genome by pol γ in conjunction with its accessory protein (10) . In the asynchronous model, pol γ extends the H-strand DNA from a RNA primer, suggesting that the polymerase can initiate DNA synthesis from a ribonucleotide (11) . In the strand coupled model, the replication intermediates contains RNA/DNA heteroduplexes and extensive RNA rich regions have also been identified in the lagging strand, indicating a role for pol γ in incorporating these ribonucleotides during nascent strand synthesis (12) . RNase H enzymes can remove the RNA incorporated into DNA, where RNase H1 functions to processively cleave long stretches of RNA/DNA hybrids and RNase H2 removes singly incorporated ribonucleoside 5'-monophosphate (rNMP) residues in DNA. Whereas both H1 and H2 enzymes are found in the nucleus, only RNase H1 has been implicated in the mitochondria (13) . Thus, it is presently unknown if any mechanism exists to remove singly incorporated rNMP residues in the mtDNA. However, since pol γ possesses reverse transcriptase activity, the single ribonucleotides present in the template DNA strand could be bypassed during replication. DNA polymerases preferentially incorporate deoxyribonucleotides over ribonucleotides, with as much as a 10,000-fold preference for deoxyribonucleotides, although, ribonucleotides are present at much higher concentrations compared to their deoxyribonucleotide counterparts (2, 14) . Efficient discrimination of ribonucleotides by these enzymes is controlled by specific amino acid residues, which sterically block the incoming rNMP to the enzyme's active site. However, the identity of these steric gate side chains varies between different polymerases (15) (16) (17) (18) . Goff and colleagues first identified a phenylalanine residue (Phe155) in Moloney murine leukemia viral reverse transcriptase that confers selectivity against ribonucleotides (14) . Phe155 in Moloney murine leukemia viral reverse transcriptase is analogous to E. coli pol I Glu710 and to T7 DNA polymerase Glu480. Alteration of Glu710 in E. coli pol I to Ala, results in an 800-fold decrease in overall discrimination against rNTPs and hence Glu710 is thought to provide discrimination against rNTPs by sterically blocking the 2′-OH group of an incoming rNTP (15) . The structure of T7 DNA polymerase indicates that Glu480 interacts with the ribose ring of the incoming dNTP as well as through hydrogen bonding to Tyr530 (19) . Since Glu895 of human DNA pol γ is analogous to E. coli pol I Glu710 and T7 DNA polymerase Glu480 it was suggested that changing Glu895 to Ala or Gly could cause the enzyme to lose discrimination against ribonucleotides (20) . Figure 1 depicts the role of Glu895 in nucleotide recognition in the active site of the human pol γ (21) . Biochemical analysis of the recombinant pol γ harboring the E895A mutation demonstrated severely reduced catalytic activity to ~0.2% wild type levels (20) , however the role of Glu895 in ribonucleotide discrimination is still not known.
Previous biochemical studies using purified DNA polymerase γ, suggested that the enzyme is an efficient reverse transcriptase and, possesses the ability to incorporate and extend ribonucleotides (22, 23) . However, a comprehensive analysis of incorporation, discrimination, extension and bypass of ribonucleotides by DNA pol γ is still lacking. In this study, we employed steady state kinetic analysis to investigate the efficiency of all 4 rNMP incorporations compared to their cognate deoxyribonucleoside 5'-monophosphate (dNMP), the level of discrimination imposed by pol γ on individual ribonucleotides, the efficiency of the wild-type (WT) enzyme to extend primers terminating with a ribonucleotide and its ability to perform single nucleotide reverse transcription (RT) and bypass multiple ribonucleotides in a DNA template. The results from these analyses revealed that DNA pol γ differentially discriminates ribonucleoside 5'-triphosphates (rNTPs) with as much as 1,100 -77,000-fold preference for deoxyribonucleoside 5'-triphosphates (dNTPs) depending on the identity of nucleotide. However, the catalytic efficiency of the enzyme decreased during extension from a ribonucleotide and also, when it encountered increasing numbers of ribonucleotides in template DNA. Furthermore, analysis with E895A pol γ suggested that the enzyme had impaired ability to discriminate ribonucleotides, but this effect is mainly due to its inability to efficiently incorporate dNMPs. In addition, the RT and ability to extend a ribonucleotide were also compromised in the mutant enzyme. Expression and Purification -The His 6 affinity-tagged recombinant catalytic subunit of WT and E895A human pol γ were overproduced in baculovirus-infected Sf9 cells and the proteins were purified to homogeneity as described previously (20, 24, 25) . The His 6 affinity-tagged p55 accessory subunit was expressed in E. coli and purified to homogeneity as described (9, 25, 26) . The eluted protein samples were visualized with SDS-PAGE and enzyme concentrations were determined by Bradford (Bio-Rad) assay with bovine serum albumin as the standard. After purification, the proteins were frozen in small aliquots in liquid nitrogen and stored at -80°C.
EXPERIMENTAL PROCEDURES

Materials
Substrate preparation -Substrates were prepared by annealing a 22-mer oligonucleotide (primer) radiolabeled at its 5'-end with [γ-32 P]ATP and T4 polynucleotide kinase, to 1.2-fold molar excess of a 40-mer oligonucleotide (template) using standard protocols. Table 1 summarizes the list of substrates used in this study.
Kinetic assaysSteady-state kinetic parameters were determined using a polyacrylamide gel-based single nucleotide extension assay. Since it was previously shown that the affinity of the human DNA pol γ to RNA/DNA substrates is similar to DNA/DNA substrates, then comparison of steady state kinetic parameters becomes valid (22, 23) . Reactions mixtures (10 µl) contained 25 mM HEPES-KOH (pH 7.6), 2 mM 2-mercaptoethanol, 0.1 mM EDTA, 5 mM MgCl 2 , 50 nM radiolabeled substrate, 10 nM exonuclease-deficient WT or E895A pol γ and 20 nM WT p55. The reactions were started by the addition of various concentrations of one of the four dNTPs or rNTPs (depending on the substrate and analysis). After incubation at 37 °C for 10 min, reactions were terminated by the addition (10 µl) of 95% deionized formamide and 10 mM EDTA. Samples (3 µl) were boiled for 5 min at 95 °C and resolved by electrophoresis on 12% polyacrylamide gels containing 6 M urea. Gels were dried, exposed to a phospor screen, and radioactive bands were detected with a Typhoon 9400 PhosphorImager (Molecular Dynamics) and quantified with NIH Image software.
K m and V max values were determined by fitting the data to the steady state Michaelis-Menten model using KaleidaGraph (Version 4.0, Synergy).
Ribonucleotide bypass assays -Bypass reactions were performed similar to the single nucleotide extension assays with the following exceptions: (i) all four dNTPs were added to the reaction mixtures and (ii) the incubation time was 5 min at 37 °C.
RESULTS
Ribonucleotides
are strongly and differentially discriminated by human DNA pol γ. At least 30 ribonucleotides are found scattered in the mitochondrial genome (27) and it has been shown that DNA pol γ can incorporate a single ribonucleotide into a DNA primer (22) suggesting a role for pol γ in this activity. However, a detailed kinetic analysis for all four individual ribonucleotide incorporation by DNA pol γ is still lacking. Hence, in order to determine how efficiently human DNA polymerase γ can incorporate the four individual ribonucleotides opposite to its cognate deoxyribonucleotides, single nucleotide incorporation assays were performed on four different substrates containing dT or dC or dG or dA on the template strand in otherwise the same sequence context (see table 1 for sequence). Representative saturation curves of WT pol γ to obtain the steady-state kinetic values in table 2 for incorporation of a ribonucleotide opposite to its cognate deoxyribonucleotide are shown in Figure 2 . This and all other analyses in the study were carried out with an exonuclease-4 deficient DNA pol γ (D198A/E200A) (24) , which abolishes the 3' 5' exonuclease activity that can interfere with biochemical assays involving nucleic acids and in the presence of a 2-fold molar excess of p55 accessory subunit. DNA pol γ was able to incorporate all the four ribonucleotides against its cognate deoxyribonucleotides, albeit with significant reduction in catalytic efficiency (compare k cat /K m values for rNMP vs. dNMP incorporation opposite to dNMP in template in Table 2 ). In addition, the discrimination factors (DF) were highly variable for the individual ribonucleotide incorporation by pol γ (refer Table  2 and Fig. 3A ) from 1,100-fold (for rGMP vs. dGMP incorporation opposite to dC in template) to 77,000-fold (for rUMP vs. dTMP incorporation opposite to dA in template). The reason for approximately 2 orders of magnitude difference in discrimination amongst different ribonucleotide incorporation is mainly due to a tighter nucleotide binding exhibited by pol γ for rGTP (K m = 5.13 µM, refer Table 2 ) and reduced catalysis for rUMP incorporation (k cat = 0.038 min -1 , see Table 2 ) compared to other rNTP binding and rNMP incorporations.
Since the k cat for rUMP incorporation is an order of magnitude lower compared to the other k cat values in Table 2 , it is likely that the k cat value of rUMP incorporation reflects only the chemistry step during incorporation, while the k cat for other nucleotide incorporations might also include the dissociation of polymerase after incorporation of a nucleotide. In order to gain further insight into this mechanism, we performed an experiment to compare the rate of dTMP and rUMP incorporations opposite to dA in the template at various time points (see Supplemental Fig. S1 for details). Analysis of the product formed over time revealed that the y-intercept was greater than zero for dTMP incorporation and less than zero for rUMP incorporation opposite to template dA (Supplemental Fig. S1 ). This suggests that the observed k cat for rUMP incorporation is mainly due to the chemistry step as hypothesized, a result of slower reaction rate. However, the k cat values in Table 2 for other nucleotide incorporations reflect dissociation due to a faster product formation as a result of an initial kinetic burst.
Catalytic activity of WT DNA pol γ is reduced during extension from a ribonucleotide.
For the incorporated ribonucleotides to remain in the mtDNA, it has to be extended by DNA pol γ either with a deoxyribonucleotide or ribonucleotide.
Therefore, a comprehensive analysis was performed to determine the kinetic parameters of all four dNMP and rNMP incorporations from a 3'-rG terminated primer (3'-RNA primer). In this experiment, four different templates containing either a dT or dC or dG or dA as the first template base that pol γ will encounter were annealed to the 3'-rG terminal primer and used as substrates (refer Table 1 for sequence). The results from the analysis revealed that the overall catalytic efficiency of pol γ to incorporate dNMPs was slightly compromised when the 3'-end of the primer terminus was a ribonucleotide instead of a deoxyribonucleotide (compare k cat /K m values for individual dNMP incorporations on substrates containing a 3'-RNA primer with DNA template in table 3 vs. the dNMP incorporations on substrates containing a 3'-DNA primer with DNA template in Table 2 ). Furthermore, this decrease in catalytic efficiency for dNMP incorporations in the 3'-RNA primer substrate also depended on the identity of the nucleotide, as only a 3-fold reduction was observed for dGMP incorporation opposite to dC in template (k cat /K m = 9.2 µM -1 .min -1 for 3'-RNA primer, from Table 3 vs. 25 µM -1 .min -1 for 3'-DNA primer, from Table 2 ) but 14-fold reduction was observed for dCMP incorporation opposite to dG in template (k cat /K m = 2.03 µM -1 min -1 for 3'-RNA primer, from Table 3 vs. 27 µM -1 min -1 for 3'-DNA primer, from Table 2 ). Figure 4A summarizes the catalytic efficiencies (k cat /K m ) of pol γ for dNMP incorporations from a 3'-dG primer terminus and from a 3'-rG primer terminus. However, the catalytic efficiencies were similar for rNMP incorporations opposite to its cognate dNMP in template from both 3'-DNA primer and 3'-RNA primer (compare k cat /K m values of incoming rNTP in tables 2 and 3) suggesting that ribonucleotide incorporation by DNA pol γ is not modulated by the sugar identity of the primer terminus.
Hence, the reduction in the discrimination factors (3-14-fold) for ribonucleotide incorporations from the 3'-rG primer terminus (Table 3 ) compared to the 3'-dG primer terminus (Table 2) is mainly due to a decrease in the k cat /K m values of dNMP incorporations by pol γ from the 3'-rG primer. In addition, as previously shown in Fig. S1 for 3'-dG primer, time course experiments suggested the k cat values for dTMP and rUMP incorporations opposite to template dA in Table 3 for 3'-RNA primer reflect dissociation and the chemistry step respectively (data not shown).
Single nucleotide reverse transcription is efficiently catalyzed by DNA pol γ. Since DNA pol γ can incorporate ribonucleotides and extend it, these rNMPs could be present on the template during the next round of replication and might potentially deplete the catalytic activity of the enzyme. Hence, bypass efficiency of pol γ on DNA templates containing a single ribonucleotide was determined using steady-state kinetic analysis. As before, 4 different templates, each containing a different ribonucleotide in otherwise the same sequence was annealed to the complementary primer such that pol γ will encounter a ribonucleotide after binding to the 3'-end of the primer terminus, which could be either a dG or rG (see Table 1 for sequence). Results of the single nucleotide incorporation assays for each of the four dNMPs opposite to its cognate rNMPs in template are summarized in Table 2 (for 3'-DNA primer) and Table 3 (for 3'-RNA primer). Representative saturation curves to obtain the steady-state kinetic values in Table 2 for this analysis are shown in Figure 2 . The data suggest that the incorporation efficiency of pol γ is very similar compared to the control substrate (contains only DNA in template), the catalytic efficiencies (k cat /K m ) of dAMP incorporation opposite to dT and rU in the template are 39 and 32 µM -1 .min -1 respectively, for dGMP incorporation opposite to dC and rC in template are 25 and 21 µM -1 .min -1 respectively, and so on (refer Table 2 ). Similar results were obtained with primer terminating with a ribonucleotide, the catalytic efficiencies for dAMP incorporation opposite to dT and rU in template are 13.2 and 11.8 µM -1 .min -1 respectively, for dGMP incorporation opposite to dC and rC in template are 9.2 and 7.9 µM -1 .min -1 , respectively, and so on (refer Table 3 ). Therefore, pol γ does not discriminate dNMP incorporation opposite to a single deoxyribonucleotide or a ribonucleotide in template, suggesting that, single nucleotide reverse transcription activity of pol γ is robust.
Increasing stretches of ribonucleotides in DNA template reduces the bypass efficiency of pol γ. DNA polymerase γ was initially identified by its ability to efficiently perform reverse transcription of DNA from homopolymeric RNA templates (28) . In order to perform a processive RT reaction, the enzyme must not stall when bypassing extensive lengths of ribonucleotides on a template. To determine this, bypass experiments were performed on substrates containing various stretches of ribonucleotides (1, 2, 4 or 8 rNMPs; refer to Table 1 for sequence) on a DNA template. The results from this experiment indicated that DNA pol γ could bypass ribonucleotides and extend till the end of the DNA template, however the efficiency of extension decreased with increasing lengths of ribonucleotides (Fig 5A, compare lanes 2-4 with lanes 5-7, 8-10, 11-13 and 14-16). Furthermore, the sugar identity at the 3'-primer terminus did have a moderate effect of the enzyme's catalysis (Compare Fig 5A, top panel, primer terminating with a dG to bottom panel, primer terminating with a rG). Steady state kinetic analysis of bypass and extension revealed that the catalytic efficiency of WT pol γ decreased as the number of ribonucleotides in the template multiplied, independent of the nature of sugar at the primer terminus (Table 4 , compare k cat /K m for substrate containing no rNMP, R 0 to k cat /K m for substrates containing different lengths of ribonucleotides, R 1 , R 2 , R 4 and R 8 for both 3'-DNA primer and 3'-RNA primer). In addition, a 2-fold difference in the efficiency of the enzyme was also observed on control substrates containing primers terminating with an rG compared to dG (Table 4 , k cat /K m = 71 µM -1 .min -1 and 37 µM -1 .min -1 for R 0 substrates with 3'-DNA primer and 3'-RNA primer respectively). The catalytic efficiencies of DNA pol γ on substrates containing varying stretches ribonucleotides are summarized in Figure 5B .
Loss of ribonucleotide discrimination in E895A pol γ is primarily due to defects in dNTP incorporation. Human DNA pol γ efficiently discriminates deoxyribonucleotides over ribonucleotides, with as much as a 1,100 -77,000-fold preference for dNTPs depending on the nucleotide (Table 2) . A strong discrimination is also observed across DNA polymerases from different families (1-3) and amino acid side chains from many DNA polymerases have been identified that control the discrimination of ribonucleotide incorporation (14, 15) . The side chain that confer this discrimination to DNA pol γ is thought to be Glu895 (Fig. 1) Tables 2 and 5 ) with mutant DNA pol γ compared to the WT enzyme depending on the identity of the incoming ribonucleotide (compare DF in Table 2 with Table 5 for rNMP incorporation). This 1-2 order magnitude decrease in discrimination factor for ribonucleotide incorporation (summarized in Fig 3A and 3B) exhibited by the mutant enzyme in comparison to WT pol γ is not due to an enhanced ability to incorporate ribonucleotides by the E895A enzyme (compare k cat /K m for rNMP incorporation opposite to its cognate dNMP in template by WT and E895A pol γ from Tables 2  and 5 Table 5 , for dCMP incoporation opposite to dG in template) lower efficiency compared to the WT enzyme depending on the incoming nucleotide. Figure 6 shows representative saturation curves of E895A pol γ to obtain the steady-state kinetic values summarized in Table 5 for ribonucleotide incorporation.
Reverse transcription and extension from a ribonucleotide are poorly catalyzed by the E895A pol γ. The Table 5 ) to 15-fold (for dTMP incorporation opposite to rA in template, see DF in Table 5 ) in comparison to its DNA polymerase activity depending on the incoming nucleotide (see Fig 6 for representative saturation curves for E895A mutant enzyme's RT activity). However, the WT enzyme showed no significant discrimination between DNA polymerase and reverse transcriptase activities in single nucleotide incorporation assays (see DF values in Table 2 ) suggesting a possible role for Glu895 in the enzyme's reverse transcriptase activity.
To probe whether the E895A mutant displayed a reduction in catalyzing single nucleotide extension from a ribonucleotide similar to the WT enzyme, steady state kinetic analysis were performed using substrates containing a 3'-rG primer terminus (see Table 1 for sequence). The analysis revealed that the catalytic efficiency reduced by 6-fold (compare k cat /K m for dCTP incorporation opposite to dG in template in Tables  5 and 6 ) to 11-fold (compare k cat /K m for dATP incorporation opposite to dT in template in Tables  5 and 6 ) depending on the dNMP incorporated. This result is similar to the WT enzyme extending a 3'-rG primer, where it exhibited a 3-11-fold reduction in efficiency (compare k cat /K m for all 4 dNMP incorporation opposite to its cognate deoxyribonucleotide on template in Tables 2 and  3) . Furthermore, this reduction in catalytic efficiency for dNMP incorporations in E895A from a 3'-RNA primer also lowered the ribonucleotide discrimination factor by 3-4-fold in comparison to the 3'-DNA primer (compare DF for ribonucleotide incorporation in Tables 5 and  6 ).
DISCUSSION
Human DNA pol γ differentially discriminates during the incorporation of a single rNMP into DNA. Preliminary analysis revealed that pol γ possesses the ability to incorporate a ribonucleotide into DNA (20, 22) .
We have extended this initial observation through a steady state kinetic analysis in order to determine the discrimination against each of the four ribonucleoside triphosphates. We found that pol γ provides the least degree of discrimination against rGTP (1100-fold, Table 2 ) and the greatest degree of discrimination against rUMP insertion (77,000-fold, Table 2 ). rUTP and dTTP differ not only by the presence of a 2'-OH but thymidine also contains a C5-methyl group, both moieties that could account for the higher discrimination. In 1988, Mosbaugh demonstrated that the porcine liver DNA pol γ could incorporate dUMP but with a three-fold lower efficiency compared to dTMP due to a 3-fold lower K m for dTTP (29) . This suggests that the absence of the C5-methyl group in dUTP decreases the affinity for the polymerase by only three-fold while the majority of the discrimination against the rUTP is due to the 2'-OH group. Unlike pol ε and α, pol δ also shows an enhanced discrimination against rUTP compared to dTTP relative to the other three ribonucleotides (2) .
Ribonucleotide pools differentially affect incorporation. Ribonucleotide pools are known to exceed deoxyribonucleotide pools in the cell, which provides an opportunity to effectively compete for its incorporation into genomic DNA by DNA polymerases. Ribonucleotide pools have been reported in E. coli and Salmonella to be 7-16-fold higher than dNTP pools (30) . In eukaryotic cells, this difference appears to be much greater as a recent study in yeast reported dNTP pools in the range of 12-30 µM and rNTP pools in the range of 500-3000 µM (2). This large difference in pool size between rNTPs and dNTPs has been used to investigate whether the yeast replicative polymerases can incorporate appreciable amounts of rNMPs into genomic DNA. Nick McElhinny et al. found that yeast DNA polymerase ε can incorporate one rNMP for every 1250 dNMPs, while pol δ and α incorporates one rNMP for every 5000 or 625 dNMPs, respectively (2) .
Further analysis by this group revealed in vivo incorporation with a mutant pol ε and in an RNase H2 deleted strain (1). This incorporation was accompanied by elevated deletion mutagenesis of 2-5 base pairs.
A recent study by Wheeler and Mathews revealed that rat tissue mitochondria rNTP/dNTP levels varied depending on the nucleotide and tissue, but in general ATP/dATP ratio is ~1000, 9-73 for UTP/dTTP, 6-12 for CTP/dCTP, and 2-26 for GTP/dGTP in these rat tissues (31). In our analysis of the discrimination by the human pol γ against ribonucleotides, the binding affinity (K m ) appeared to be the greater determinant in the kinetic analysis. Thus, consideration of the higher ribonucleotide concentration in mitochondria will lower the discrimination. For example, since the K m determinant is the major discrimination factor with rAMP incorporation (~6700-fold, Table 2 ), a ~1000-fold higher level of ATP should lower this value to ~6.7-fold and hence pol γ may have the potential to incorporate 1 rAMP for every 6-7 dAMP nucleotides into mtDNA.
This may account for the high degree of ribonucleotides observed in mammalian mtDNA (27) . However, since one source of mitochondrial dNTP pools appear to involve the reduction of ribonucleotides by ribonucleotide reductase (RNR) (32, 33) , the upregulation of RNR offers a possible means to alter this balance by reducing rNTP pools and increasing dNTP pools. This concept has been tested in yeast where upregulation of RNR in the presence of certain disease mutations of POLG reduces the petite frequency and lower mutagenesis (34) .
Extension from a ribonucleotide primer. Extensive evidence suggests that mtDNA replication is primed by the transcription machinery with the mtRNA polymerase (11, (35) (36) (37) . Thus, pol γ must be able to extend from a ribonucleotide primer or DNA primer with a RNA at the 3'-OH. We investigated the efficiency of pol γ to extend a ribonucleotide located at the 3'-primer terminus during normal DNA synthesis, during rNMP incorporation, and during reverse transciption events. The efficiency of extension from a 3'-rG terminated primer during DNA synthesis and reverse transcription were 3-14-fold and 3-24-fold lower respectively relative to the 3'-dG terminated primer mainly due to decreased nucleotide binding and catalysis (see Tables 2 and  3 ). The difference in activity could not be attributed to the affinity of pol γ to 3'-dG or 3'-rG terminated primers, since previous studies suggested that the enzyme had similar affinity for DNA/DNA and DNA/RNA substrates (22) .
The Glu895 residue is responsible for rNTP discrimination and a disease mutation at this site is deleterious to function. The steric gate that imparts a large degree of discrimination against ribonucleotides is afforded by Glu 710 in Klenow (38) . Alteration of Glu710 to Ala in Klenow lowers the k cat by 30-40-fold, increases the K m (dNTP) by 5-fold, and reduces the affinity for DNA by 5-fold (15, 39) .
A similarly large decrease in k cat and increase in K m were observed for the analogous E895A mutation in human pol γ (20) . Additional analysis of the E. coli mutant polymerase demonstrated that alteration of this Glu to Ala decreased fidelity at the nucleotide insertion step, including a notable increase in A•dCTP mispairing (40) . The additional space provided by Ala substitution may allow the accommodation of aberrant base pairs in the active site, thus increasing the likelihood of mispairing events. Alteration of Glu895 in pol γ to Ala increased the discrimination against D4T-TP and ddNTPs by 500-and 17-fold, respectively (20) . The decreased intrinsic activity of the E895A mutant derivative prevented the detection of incorporation with the other analogs. The E710A mutation in Klenow also increased the discrimination against ddNTPs as compared to the F762Y Klenow polymerase (15) . Thus, Glu895 in human pol γ, like Glu710 in E. coli pol I, appears to enhance discrimination by interacting with the ribose ring (20) (Fig 1) .
The gene for the catalytic subunit of the human pol γ, POLG, is one of several nuclear genes that is associated with mitochondrial DNA depletion or deletion disorders (33) . To date, more than 150 disease mutations have been identified in the POLG and these mutations are distributed over the entire length of the protein (http://tools.niehs.nih.gov/polg/) (41) . Disorders associated POLG mutations have been defined as either mitochondrial depletion syndromes, which includes myocerebrohepatopathy spectrum and Alpers Syndrome, or mitochondrial disease due to mtDNA deletions, which include Ataxia Neuropathy Spectrum, Myoclonus Epilepsy Myopathy Sensory Ataxia and autosomal recessive and dominant forms of Progressive External Ophthalmoplegia (PEO) (42) .
The Glu895 codon of POLG was recently found mutated to a Gly codon in a newborn boy with severe lactic acidosis and generalized hypotonia and marked hyporeflexia (43) . The infant died 36 hours after birth. Postmortum analysis revealed only 20% mtDNA levels in muscle tissue and drastically reduced respiratory chain activity (43) . This E895G mutation was found as a heterozygous mutation without any other detected POLG mutation and due the absence of paternal DNA analysis, the dominance versus recessive modes of inheritance or de novo acquired mutation could not be determined. Analysis of the E895A mutant derivative of pol γ in ribonucleotide insertion indicated that the E895A pol γ had reduced discrimination of ribonucleotide incorporation relative to dNMP insertion. This discrimination dropped from 1100-fold to 66-fold for rATP and from 77,000-fold to 222-fold for rUTP between the WT and E895A mutant pol γ.
However, the decrease in ribonucleotide discrimination is two part and mostly due to a decrease in overall catalytic efficiency of dNMP incorporation. For example, as in the case for ATP/dATP, the apparent decrease in ribonucleotide discrimination is mostly due to a large decrease in dAMP insertion efficiency by the mutant protein (a 38-fold decrease in k cat /K m ) as well as a 4-fold increase in k cat /K m for rAMP insertion as compared to the wild type enzyme (Tables 2 and 5 ). This difference is similar for the other three rNMPs during insertion. In addition, both the RT and extension by the E895A mutant derivative was also inefficient most likely due to its intrinsic defect in catalysis. Thus, the most detrimental affect of eliminating the Glu895 side chain is the large decrease in overall catalytic efficiency, which is more likely the scenario for POLG defect in the observed patient (43) versus enhanced ribonucleotide insertion.
Reverse transcriptase activity of pol γ is inefficient with increasing ribonucleotides in the template. Because mitochondria appear to lack a known RNase H2 activity, it is likely that singly incorporated rNMPs in DNA, regardless of the source, are not removed and persists in mitochondria. The absence of RNase H2 could very well explain the observed ribonucleotides found in mammalian mtDNA (27) . These ribonucleotides present a challenge to DNA polymerases that cannot incorporate opposite RNA. DNA poly γ was originally discovered in mammalian cells as a possible reverse transcriptase during a screen for cellular reverse transcriptase activity (28) . However, the standard reverse transcriptase assay uses homopolymer RNA primed by DNA oligonucleotides in a Mn 2+ catalyzed reaction. Mn 2+ accelerates the catalysis of DNA polymerases at the expense of fidelity. On random DNA substrates, Mn 2+ causes substantial misincorporation, which stalls replication due to the inefficiency of the DNA polymerase to extend a mismatch (44) . But on homopolymer substrates, such as with oligo(dT [12] [13] [14] [15] [16] [17] [18] )/poly(rA) with only dTTP, the catalytic rate appears higher as compared to natural DNA. In vivo, DNA polymerases use Mg 2+ as the metal coactivator, which promotes high fidelity polymerization.
Lee et al., explored the physiological consequence of RT activity by human pol γ opposite a single rNMP and found that pol γ stalls after incorporating a single dNMP (23) . We found that the efficiency of bypass of one rNMP was 51% compared to a dNMP template base (Fig.  5B) . However, longer stretches of RNA in the template caused a diminishing return as the bypass efficiency dropped to only 29% with 4 consecutive ribonucleotides and 14% with 8 ribonucleotides. Thus, this sudden drop in catalytic activity indicates that pol γ will stall during bypassing long stretches of ribonucleotides in DNA, most likely due to the A-form conformation of a RNA-DNA heteroduplex, which is less tolerated by most replicative DNA polymerases. The efficiency was slightly lower when the 3' primer terminus was rG (compare 0.38 versus 0.51 in Table 4 ). This difference is diminished as the ribonucleotide stretch gets longer, or as the distance from the DNA primer end lengthens.
In the present study, we investigated the ribonucleotide discrimination and reverse transcription activities of human DNA pol γ using steady-state kinetic analysis. Our results indicate that pol γ incorporates ribonucleotides and the base identity plays a role in discrimination. Next, though pol γ was efficient in performing single nucleotide RT, the bypass efficiency of the enzyme decreases with increasing sequences of rNMPs in a DNA template indicating that ribonucleotides in DNA could slow down the rate of DNA synthesis by pol γ. Furthermore, the polymerase was also capable of extending from a 3'-terminal ribonucleotide albeit with slightly lower efficiency suggesting that rNMPs incorporated in the mtDNA may become substrates for future rounds of replication. Finally, the E895A mutant enzyme displayed poor ribonucleotide discrimination mainly due to its catalytic defect for DNA synthesis and does not have enhanced rNMP incorporation. This study represents the first in-depth analysis on the role of DNA pol γ in ribonucleotide incorporation, extension, bypass and reverse transcription, and the function of Glu895 in ribonucleotide discrimination.
FOOTNOTES
The abbreviations used are: pol γ, polymerase γ; mt, mitochondria; WT, wild-type; dNTP, deoxyribonucleoside 5'-triphosphate; dNMP, deoxyribonucleoside 5'-monophosphate; rNTP, ribonucleoside 5'-triphosphate; rNMP, ribonucleoside 5'-monophosphate; RT, reverse transcription. Figure 1 . Involvement of Glu895 in the discrimination of ribonucleotide. A molecular model of the human DNA pol γ active site with incoming ddCTP (dark blue), and Mg 2+ (grey spheres). The side chain of Glu895 is shown in green and is in close contact to the ribose ring of the incoming ddCTP. This ddCTP is chelated to Mg 2+ ion, which is also held into place by Asp1135 and Glu1136 side chains. This image was generated by Pymol using the pol γ coordinates for the human pol γ, PDB 3IKM (21).
FIGURE LEGENDS
Figure 2.
Single-nucleotide incorporation catalyzed by WT DNA pol γ. Representative nucleotide incorporation saturation curves for WT pol γ on a 3'-DNA primer template substrate is shown with its corresponding polyacrylamide gel as inset. Panels A, D, G and J shows incorporation of dAMP, dGMP, dCMP and dTMP opposite to dTMP, dCMP, dGMP and dAMP in template respectively. Panels B, E, H and K shows incorporation of rAMP, rGMP, rCMP and rUMP opposite to dTMP, dCMP, dGMP and dAMP in template respectively. Panels C, F, I and L shows incorporation of dAMP, dGMP, dCMP and dTMP opposite to rUMP, rCMP, rGMP and rAMP in template respectively. The fraction of nucleotide incorporated (in fmol) is plotted against the concentration of incoming nucleotide (in nM or µM). The data was fitted to the steady state Michaelis-Menten model using KaleidaGraph to determine the K m and V max values. Each incorporation analysis was performed at least twice and the steady-state kinetic parameters with standard deviations are tabulated in Table 2 . . Single-nucleotide incorporation catalyzed by E895A DNA pol γ. Representative nucleotide incorporation saturation curves for E895A pol γ on a 3'-DNA primer template substrate is shown with its corresponding polyacrylamide gel as inset. Panels A, D, G and J shows incorporation of dAMP, dGMP, dCMP and dTMP opposite to dTMP, dCMP, dGMP and dAMP in template respectively. Panels B, E, H and K shows incorporation of rAMP, rGMP, rCMP and rUMP opposite to dTMP, dCMP, dGMP and dAMP in template respectively. Panels C, F, I and L shows incorporation of dAMP, dGMP, dCMP and dTMP opposite to rUMP, rCMP, rGMP and rAMP in template respectively. The fraction of nucleotide incorporated (in fmol) is plotted against the concentration of incoming nucleotide (in µM). The data was fitted to the steady state Michaelis-Menten model using KaleidaGraph to determine the K m and V max values. Each incorporation analysis was performed at least twice and the steady-state kinetic parameters with standard deviations are tabulated in Table 5 . The average values of at least two independent experiments are shown with errors expressed as S.D. For a, b refer to Table 2 legend.
